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1 n t roduc ti on 

I n  1957, Saunders, Wishnia and Xir'kwood (1) observed t h e  first proton 

mapo t i a  spectrum 'of a protein, pancreatio r i ~ n u o l e a s e ,  i n  %o. 
' ' 

* .  Their . 
. I  1 I .  

spatrum, obtained a t  a frequenay of 40Yc, consisted of  four  broad peaks t * .:' * . 

b d  vas interpreted lg? Jardetsky and J a r d e t s w  (2) on tho basis of the  

n.m.r, opoatra o f t h e  individual aonsti tuent amino aaids. .. 
I , " .  The author 
. ) .  

has examined the  proton spectra of ribonuclease, oxidized ribonualease, * .  

* \  . l y s o z p e  (3) and o y t o c h m e  o a t  t h o  higher resolut ion and s e n s i t i v i t y  
. 2 .  

afforded by a 100 MO apparatus; Since the nemer. speotra  of many of I 

. I  the 20 common L-amino aaids disoolvod In X20 had heretofore not been 

t a i n  the  speatra  of dl 20 amino aaids referred t0 a aomon standard, 

uhiah had been used in t h e  protein speotra. 

* .  
obnerked boaause of  s ene i t i v i ty  l imiytations ( k ) ,  it vas deoided to ob- * 

' * . '  . . .  

_- 
e . * *  

I .  

I .  

1 

. .  
' .  

A number of 'dipoptides (5) and t r ipept ide8 w e r e  invest igated to e&om 

tho offeat of t h e  peptide bond on the ohernioal'sbiftaw of t h e  &o a o i d .  

' 

9 . .  

protons; 
* . .  

,. 

. .  . .  
, .  

! .  . , . *  ' -  
I .  . . .  

' . . .  
. '. 

I 
* I  j l ln te r ia ls  and Methods 

A l l  spootra were obtained on a Varian Assooiatee HlOO s p o t m e t e r  operat- ' .  

i ng  a t  a fixed I frequenoy of 100 110. For ca l ibra t ion  purposes the speotra  * . 

w r o  alsoIrun on a HA60 speatrormter u i t h  its oal lbrated magnetio field ,' . 
. .  

" suo~p.. Booauee of t h e  low so1ub:ility of tyrosine, a oanputer of average I 

, -.... . 
I - -.-_ 
j , t r ans i en t s  (CAT) vas used i n  oonjwation with the  A60 s p o t m e t e r  to .- . I  

j /  
ob 

... 

. .  

\ .  
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. .  
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, . . I  

* .  . 
The ozlino aoids and peptides usod were of the  highest  qua l i ty  menufaotursd 

by Kann Roeoarah Laboratories. The proteins, ribonualease, lysozyme and 

. !. . 

. .  

R o n u l t s  and Discussion 

CYtoohrcm 0 Were supplied by S i e a  Chemioal Campany and the oxidized 

* ribonualeaso waa frm M a n n  Research Laboratories. Solutione were pre- 
. , * . '  

... 
parod in DzO obtained fran Bio-Rad Labs, All solutions'uere evaporated 

oovoral  times t o  reduoe the €$O aontent t o  a'minimm. The protein oon- 

* 

. '  '* 

' 

. ' contration was about 5% h6.5 rnl of D20. Unless othervise s ta ted,  the  

. 

proton magnetio resonmoe speotra were obeerved a t  o temperature of 3 O i 3 O C .  . * *  

. .  
.* I 

I . .  

understood on the basis  of first . 

o d o r  s f feo ts ,  as t h e  ahemioal s h i f t  is generally muah l a rge r  than the 

spin-spin aouplings. To i l l u s t r a t e  t h i s  e f f ea t  we show in Figure la . . 

t h e  o p o a t m  of ag aqueous solution of alanine i n  020, The CH resonanae . 

is s p l i t  in to  a quar te t  by the magnetiu field of t h e  CH3,protons, whiuh ' , 

can assume d i sa re t e  values proportional to t h e  allowable values of angular , 

. *  
I .  

, .  
* . .. 

. 

Most of tho amino m i d  speatra aan b- 

momentum, X,- 3/2, 1/2, 4/2, -3/2, of the  CH3 group. The CH3 msonanae ' . 

is s p l i t  i n t o  a doublet by the  CH proton whose angular mamentun in  the 

prssonae of an e x t e n d  field a m  only take on the va1.uesc1/2 (in units 

I ' 

I .  

, 

of& ). The ohemiaal s h i f t  between these groupa*'ia muoh larger-than * .  . . '  

I--. 



8 6 ~ e d ,  as shown in Figurb lb fx  serine. The presenoe of t h e  oxygen 
, .  . '  . . . .  - .*/ -, 

I .  
I '; ' . .  

. stoa decreases the shielding of cke x i g k k r l n g  CH2 and therefore its 
.. ' I .  , : .  .: . . . . . . . . . . . . . .  . .  I 

. . . . .  
. ,  

* .  

. .  ro~on0900  moves d o g '  field whero i t  overlops nith the msonanoe of t b e  . . . . . . . .  '1 

. CK proton. In t h i s  s i t ua t ion  the chaniad. s h i f t  and spin-spin inter " . .  . ,  
..... ' . .  _ . , ~  .. . .  * . .  

. .  

. .  : 
.. ,( 

' action are oomparable. Between t h e s e  extreme oases t he re  i r e  many amino : I .  

. .  . .  
aoids, part  of whose apootmmr is first order and par t  seoond order. In.' .".' ' 

I '. , .  ' 

. . . . . . .  ' .  . . . . . .  
1 . .  

* Figure 10 ue nee the  s p o t &  of glutamine uhere the  CH resonanae is 

first order, i.t3,, s p l i t  i n t o  a t r i p l e t  by t h e  neighboring (2x2 group. 
. ' . .  :. 

... . 
. I  

' .  . ' *  

. .  . .  
~ , 

Although the two C% groups are separable, their regonanse pat terns  are . . .  .. 

. . .  

I . .  

. .  . .  . . . . .  
* .  , *  . qui te  oomplloated beoause t h e i r  ohemiaal shift differenas is not large 

, .  * '. ' . s  . . '  ampared t o  the  apin-spin oouplings. * '  . . . . .  . . . . . .  9 .  

. . . .  . . .  
a :  . '  

.. . . . .  . . .  . . . . . .  
. I ,  

.. . .  .... , , ?  . .  . . '  
. .  . . I .  * .  , 

' . 6 .  

. .  
A s  higher mogaetio fields becme available, these pa t te rns  uiU simplify 

, 

1 .  . .  . .  an the ohomiaal s h l f t  is proportional t o  the field st rength but the spin- . , , / .  . ' . & '  

!, *' I .  *., . . . . . . . . . .  gpin aoupling remains oonstant. A amparison of the glutamine s p o t -  ' .. , , . .  '.. ,.,, ' . , 
in F1gu-o l o  taken a t  100 Mo v i t h  one taken a t  60 Mo (figure 2) shows e * 

' , . 

very nioely t he  advantages of higher magnetio f i e l d  operckion, 

* '  * . , .  o . !  . 
. . . . . . . . . .  

. .  
, .  f ,. 

. .  
:+. - In all cases, there  is a rapid exahange of the hydrogens attaohed to . , *  . .  

, .  
' a .  . . 

*. nitrogen; thus a l l  t he  peaks seen i n  D20 oan be attributed hydrogens . 
I 

. I  

. .  
' , bonded to barbon atoms, Previous work on proton speotra '  of amino aoida 

(4)  ind iaa tes  t h a t  these ahemiaal s h i f t s  are; independent of pH in the 

range p~2 to p1-19 a i  independent of conoentretion, ..'a 

. . . . . . . .  
, .. ' . < ,  . .  

i '  

. , . - . . ._. .. . .  

. .  
. I '  

. .  
. . .  . . ,  . . .  

I .  

. .  . .  . .  
. . . .  Tho chomisal. shif t  of" the' aenter  of the pattern for eaoh ohemioal group' 

. .  . . . . . . . . .  . . . . . .  . .  

. .. . . .  
, . . , * , ;  , (*. . ' * .  .. 

. .  . : ' *  . . .  . . . . . . . .  . . . . . .  . .  . ,  

. .  
. .  ,: . * '  . 

. .  
. . . .  . . .  . . .  . . (  

. .  ,. .: : 
. . '  . ; .  ' 

' i s  givoa.in Table 1;' * ; .  

. .  :. '..)\;.,'. . .  ,:;. 
. . .  . . . . .  . ,  
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* .  
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r * .. , '. 
' . ' I .  

*. Tne data on the c h e n i c d  s h i f t s  of the w i n o  acid gmups in peptides are . ' .  

e .  

t o t a l  number of possible dipeptides and tripeptides,  aome general eon- 
. . .  * ' ,  . . .  clusions about the e f feo ts  of t h e  p p t i d e  bond on t he  ohemiad s h i f t  . .; .I , . . e  * 

. . e - '  of amino oaid .protons &e given below, 
' 9  In  tho following dioauasion, . . .  . . ' . : . , . .  

. '. by "ahomioal sh i f t "  we nuan the  change i n  ohemiaal s h i f t  from that of  I .  * 

* . tho f r eo  amino aoid. 

. .  

. . '  
, tho l a g e a t  ahemioal shifts. In the dipeptides observed this varied . .. . : fro&15 p.p.m. for thec(-proton of h i s t id ine  in t he  dipeptide t h i s t i -  ' I .  

* * .  'I dylglyaine tG#,48 p.p.m. f o r  the g-pro ton  of leuoine in the dipeptide - '  , 

/ . .  
. a .  louoyl-Gglyaine. 

, + '  2. 
- *  

From data  on the oligopeptides of glyoine it appears t h a t  the ahemiad , *  

, , ohi f t  of tho d, -protons is effeated mainly by nearest  and next nearest 

noighboro for shor t  ohains. . 
I .  

' ' ' 3. I n  t r ipept ides  the ohemioal s h i f t s  for the d, -protons of t he  middle . 

m i n o  aaid tare roughly additive. I n  glyayl-L-leuaine the ohemiaal s h i f t  * *  d 

C T ;  * .  
. . f o r  t h e  a -pro ton  of leuaine is -.&3 p.p.m, and i n  L-leuoylglyuine it 

. 
* .  

S I  /I 
* is 0.30 p.p.m.. In the. t r ipept ide glyayl-L-leuoylglyoine, where leuaine 

e* . . .  ' ,  is involved in two peptide bonds, the ohemioal s h i f t  for i t s&-pro ton  : 
, *  

6 '  .,+2 . , In ' the t r ipept ide L-leucylglycylglyoine we h i d  t h a t  i o  L.70 p.p.~,. 

tho two i lycine C€$ groups have chemiaal shifts of 0.21 end 0.46 p.p.m.. 
* . . I *  

' 5 

t . .  
- - .  . -- 

I ' Slnao the ahomioal s h i f t  of the CX2 group of glycine Ideuaylglyoine . 
;*:' t. C 

13 9-24 p.p.m. chd i n  glyuylglyoine is -.27 and 0.31 p.p.rn. we would, on ,. . *. 
G 

* tho basis.of-this add i t iv i ty  d e ,  assign the  ohamiod shift of -.& p.p.m. 

, . .  . . *  . 
. .  

a . . . * .* * ... : .. . * . . . . . . . . ._ .. :: ;..* .'.... * .  , , , .  . .  



r . .  
8 .  

t o  t h e  alycino bonded t o  leucifie. O t h Q r  evidence f o r  this assignment 
a- 

. . . . .  . . .  ~ J X ~ Q  On s t e r i c  hindrance t o  f r e e  rototion will be given l a t e r .  . . . (. :, .** 
, . I  ..'* * 

. a  

i I, : .. ' .  :... . ,. ' *  8 

. 4. I n  tho  tr ipoptidea examined thc rcsorrance of the  d - p r o t o n  of t he  
.. 

* I  . 
.N ; - t eNna l  a a n o  acid Shifts t o  s l igh t ly  lower f i e l d s  (more negative'chemical ' 

s h i f t )  and the  C - t e d n a l  &-proton shifts t o  s l i g h t l y  higher f i e l d s  com- 

pared t o  the corresponding 'dipeptides. For e x e q l e ,  . i n  L-leucylglycine we 

, f i nd .  the &-proton of leucine shif ted 4 3 0  p.p.m. and i n  L-leucylglycylelycine 

" ' : .  . 

. .  
.. , 

" .  .? 

. 

. .  3 .  * .  
b 

, . .:. , .. 
i .  . , .  . . .  . .  , t h o  s h i f t  i o  -C33p.p.m., 

. .  
. .  . .  . 5 .  Methylene group s h i f t s  seem t o  be quite variable. For leucine i n  both 

* '  . .  . .  
. .  . .  ' . +  : * . dipoptidos and t r ipept ide8 the  shift i s  'small, of the order of 9.1 p.p.m. 

. .  . .  
. . . . .  * *  
' . .  

I ,  . .  
' 

' I n  his t idine and 'proune  dipeptides the shift i n  the methylene resonance . 
- .  . .  . . . .  . a .  

. .  ranges frorn-kll.21 t o  A230 p.p.m. respectively. 

dipeptide the shift i s  more negative when it  is  t h e  C-terminal end. 

For a given amino acid i n  a . - a . . 

. .  . .  
I 
I .  

. .  '. * . \ 

. . . .  . * '. * 

. .  
, .  

I 6. Eothyl groups are  the most .shielded (occur a t  highest f ie lds)  i n  the  amino. ' '  . * .  . . .  
.,* * <  

.. . I  

acids and seam t o . b e  l e a s t  effected by the peptide bond with shifts of the  
' '> 

\ --\-'--) order of W.04 p.p.m.. ' 

' 

' . .  , ' 

, .  . . ' .  

\ I ,  

. . . . .  
. I  

, , . 7. Imidazole protons can undergo ~ i z a b l o  shifts both up and down f ie ld .  
. , .  ' 
. .1 . ' 

, .  
I 

8 :  
* : . .  .' . 

. .  I n  addition t o  the chemical s h i f t  e f f ec t s  there are  .some in te res t ing  s t e r i c  

conformational changes which are i l l u s t r a t ed  in Figure. 3. 

;pactrum (Figure 3a) , ' t he  leucine is essent ia l ly  &changed f Z 3 M  i ts  amino acid 

opec t~xn  except f o r  t he  chemical s h i f t , ' b u t  the  free ro ta t ion  of t h e  C X 2  protons 

of glycino, ' is  hindemd, making the  t w o  protons' non-equivalent and each one 

has' i t s  o w  chemidal s h i f t .  

.-- . . .  
* .  . 

I n  the L-leucylglyci'ne 
' 

' '  ., ' ,  

, . :  
( ' I  " 

. . 

' ' I . '  

I . '  ~< 

, ' * * ' :  . . , .  

:.:: ...-_. " ' * , .  

* , 

$ I ,  * '. , .  

. . . .  
8 * .  I n  the spectrum Of glyC+L-hxine ( F i W  3b) 

tho glycine resonance, is unchanged. except. for  the  shift, but t he  ' f ree  ro t a t ion  . 
, ,  . - . .  . . . . .  . . . . .  . . .  . . .  . . .  , . * *  ,\ .. ' ,  

. .  .. :. . ' .- ..' ... '.. , # 

. .  a * .  

. . . .  . . . . . . . . . . . . . . . . .  . '  . ' .  
. . . . . . .  . . .  . . .  

.* : ' I  . I .  

; .. ' 
.:: i ' *  ' ! 

. .  . .  
.. .. t:. 

. . :.* 
, . . ; .  . ' .  

. .  . . . . . . .  .. 3 '  

a . .  . .  ' .  . .  
* 4 .  

. . .  . . . .  . .  I .  

. . . .  

. .  
. . .  . .  I 0'; ' d  . . ! \ . . * V i  - .  , .. * : , . I -  

I .. * a  
\ I  . .  . .  , 

\ 

. . .  . . 
. . .  . . . . . . . . . .  . .  , * ,  . . . . . .  . , , :: * .  

* .  , .  

, .  
- .  . .  

. . .  
. .  - .  

.. ' .  . . .  
: . .' . 

1 .  

. .  .. 



9 .  

of the  CH2 and CH3 groups of lexcine becosles hindered& Figure 30 we 

. .  * see the spectrum of L-leucylglycylglycine where, the low. f i e l d  glycine . 

' ' 

. . . .  
, .  

' 

. 1  

. Ch2 msonance is s p l i t  because of the non-equivalence of i t s  two protons. 
. .  . . .  . . .  . .  . .  . I  

. .  
. . *  

. .  
. .  k'o assign,this glycine' t o  the mid-position of the t r ipept ide ,  * 

< .  . .  . . .  
. .  

. .  . .  
. .  

. *  : In Figura 4 we see the proton speotra of ribonuolease, oaddlzed ribonuolease', I '. ' .  ' 

. .  . .  ' ..: l y s o z p e  and cytochrome a (horse heart). Allowing f o r  the  chemical s h i r t  ' * . . . .  
. 

. . .  
" duo t o  peptide bond formation, the spectra of these proteins  can be 

correlated with the chemical s h i f t s  of t h e i r  consti tuent amino acids. 
. .  , .  : . .  . .  

. .  . . .  
.. ', This correlat ion f o r  ribonuclease is presented i n  Table 111.. Using the 

: # -  . ', d a t a  i n  Tablos I and XI, this correlation can be made f o r  the other  proteins .  ' 

. .  

A corrolation of this Mnd requiros a knowledge of the amino ac id  composition - ' 
' a .  

. .  and some rough ideas  of t he  e f fec ts  of peptide bonds,, A8 the  resolut ion . . . . . .  
* * ,  . .  

of 'our spectra increases, it w i l l  require even more de t a i l ed  knowledge of -. '. : . 
. . .  tho amino acid sequences and of .ths e f f ec t s  of peptide bonds and pro te in  ~ " 

' 

, I  

0 .  

* .  

: I .  

. .  conformation on chemical sh i f t s .  

. .  

The r e a l  usofulness of high resolution n.m.r., howver,, l i e s  i n  the f a a t  t .'.. ---- 
'. t h a t  bocauge of the .chemical s h i f t  spec i f ic  amino acids can be iden t i f i ed  . . ' . .  

( .  

. .  

and i so la ted  i n  the pyotein spectre. I n  ribonuclease, peak 11 a r i s e s  solely . . .  

from one ,of the imidazole protons of his t idine.  Histidine residues are 

thought t o  be involved in t he  active s i t e .  T h i s  provides us with a wind03 . . 
. .  

t o  observa the eotive s i t e  under various conditions. peak ,111 i s  due main- -- -.- 
- -  . 

. .  
l y  t o  the aromatio rings of tyrosine (24 protons) .and ,phenylalanine (15 

protons) 

. . . .  

and an imidazole proton of h i s t i d ine  (4 protons) The . , '  e f f e a t  . %,. ; , *  

, ' ,': . . . . . .  
. .  

. . . .  
.. , .. ' . .  ...' . *: ........ . ,  . .  

. .  * . . . . . . . .  

. .  

. . . . . .  

. . * .  

. . .  
' .  : .  . 

. *  
. . . . . .  ..!. ; . 

. . . . . . . . .  I . . . . . . . . . .  
,:.,.. '.* 

. ,  * .  

. , . '  

. . .  
- i  

. <. 
. .  

. .  . . .  .* . 
, .  

, :.: ' 1  ,:;, 

. .  
. . . . . .  . * ;. c .  

. . .  . . .  
. . I  . . .  

. .  . .  . . . .  
$.**.* . 

. .  . . . . . .  . .  . .  
.. - '  . 

.. ' .  

' ,  
: . .  . .  . .  

. .  ' . .  . .  
, .. ' . ' .  

. .  , . . . .  . . .  . . . . . . .  . . . . . . . . . . .  - . . . .  
. .  . .  

. ., 

a .  

. . .  

, , '  

' . .  e .  

. .  

t 

- -  
. . .  

* .  . .  
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of tcnqerature denaturation.of this peah w i l l  be discussed i n  a forthcoming 

publication. fn C O m P e r i n g  the s4ec t r a  of ribonuclease and oxidized ribonuclease, 
. . .  

0 .  

. I  

we SOQ t h a t  t h o  spoatral  l inea  i n  the l a t t e r  a re  much narrower. The d isu l f ide  

* bridges of ribonuclease play a key r o l e  i n  maintaining s t ruc ture ;  t h e i r  cleavage 

' , , ' . .  * a .  . . .  . .  

by oxidation (7) r e su l t s  i n  8 loosening of the s t ructure  and allows for increased 

not ion  of the side chains of t he  unfolded protein. It is well known i n  n-Lies:. . - . 

thoozy (2) t ha t  motion (rotat ion and t ranslat ion)  reduces the  uldth of 8 raw-  

'nance line. It i s  this "motional narrowing" whlch-is the  baeis  f o r  high -60- 

. 

- * 
\ 

l u t i o n  n.m.r.' spectroscopy. 1 

. ; ' 
a '  I n  lysozyne, the aromatic protons again are  well  i so l a t ed  fram the  rest of the  . .- 

spectrum as  shorn in peak I (Figure 4 4  e 

Peak Ie I s  due t o  I a tryptophan . *  

' protons; . p a k  l b  a r i s e s  from 18 tryptophan protons and 15 phenylalanine protons e,' 

. .  
3 .  

' :. and peak l o  from 12 tyrosine protons. .' 1 

... . Proton mainetia resonance spectra of  20 common amino acids  and some represen- 
a .  

c 
'* t a t i v e  di-and t r lpept ides  are 'presented. Sone general conclusions about 

, . .  ' *  

, . .  , I 

* .  

. ' t h o  ef fact  .of peptide bonds on chemical shifts a r e  given. The spectra of ' a  . 
. , .  . . .  ; .. . , 

I 

I .  

ribonuclease, oxidized &bonuclease, lysozyme and cytochrome c are. shown 
! 

* .  

and. the sigkificance of t h e i r  hi8h resol.ution n.m.r. spectre 'indicated. 
1 I 
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C cinticns 

r"igure I: Proton magnetia resomace spatra of'an aqueous solution of . I .  

alanine,' serine 'and glutmine i n  DzO taken a t  100 Ma in a 
. .  . ' 

standard. 
), . *. . 

. .  
; . .  I ,  

Figure 2 i  Proton magnetia resonance speatra of 8p aqueous solution of I.:. 

. . .  
. glutamine in'D20't&en at 60 Ma in a magnetio f i e ld  of 13,900. ' ... .. 

. ,  . .  . .  
I .  

. .  
gauss 

. .  . .  
. .I . 

., Figure 3: .Proton nagnetia resonance speatra of aqueous solutions of the ! 

, .  dipoptides, Gleucyiglycine and glycyl-Gleuaine and of the , .  . 
G . . .  ' 

, ,  

\ . a .  

a .  

tripeptide E.leuuylglycylglycine i n  D20 taken a t 1 0 0  Mu. 
, .  

. .  . .  
. .  

.. . .  
' 1 : " . .  F ~ W  4r proton magnotia. resonanae speatrs of r i b m a l e a s e ,  oxidized . . .  

. *  . . .  
. . .  . .  . . . . e .  .. , . .  ribonualease, lysozyme a d  aytoohrme a observed at  a frequency' . . ' .  . I 

e . .  
I . .  ... . : 

e .  . .  
* '  . af 100 Ma- The nrotdns  



Table 1 

1 5 .  

Y 4 .  .Chemical shifts of amino ac id  protons in D20 

( A l l  shif?s are negative, i.00, 40 lower magnetic field, with an accuracy of 2 004 p-p.rn.) 

O-thet . w3 hnino acid cn CHz . 

I Valine 
! 

. 4 3.62 
2.29 * *  .. 

. .  . .  i 
touc i no a 3.70 . 1.71 . 

1.71 .. 
3 

*e 

: lsoloucino 

. *  . .  t . .  
S o r i  no 3.94 '.' '. . 3.94 ,( 

. . . . .  , !  
. .  . .  

Threonine .. . d ' 3 . s  ,,a. . . . .  . . I  

. ,  
. ,  I , ., ; 4.23 . . :..*:. 

? 
. I  

* .  n.0.. '. : . n.0.:'. 
( .  , .  1. 

. . . .  1 Tyrosino 
i 

. . .  
i ' 
I 

' ' .  . '  3.20 ' .  . .  Phenylalanine.' . .  . 3.97 .. 
e .  . . .  

4-04 . 3.38 .. Tryptophan . 
. 

. ,  , '. 
Aspartic acid ' 4.08 . + '  3.01 

. .  8. . .  ; . . . , . . . I .  

., 
. . .  

' . . . .  . . a  

. 
1 .  . ' . :. . 4 <  ., I , . . . .  . . * .  ' .  . .' '. I . I .  

. . . . .  1 .  . .  . . .  Aromatic ring '6.95' . .  I "  . . . . . . . . . .  , .  * , .) -. . 
. . . .  * .  

, .  . .  I ' , . I  

, ~. . ' Aromatic ring 7.36 ., , 8 . .  
, . .  

. .  , .  . . . . .  
. .  . .  . d.'.'. 

. . .  " : Aromatlc ring' 7 - 2 5 . ' .  , ' , I .  * 

I .  

; ,  

7.48 . .  
. .  

. . .  ..,.. c , .  - .... ; .. .>. '  . .* . . . . .  * . .  . ,. . *  . . .;.* 
' . " .*.; : ' 

. . . .  . .......... 

, .  
. . . . . .  , ' .  . ';. Imidazole ' . .  

, . .  

. . . . .  , .  . :;.. 
* >  . .  

. .  

. . . . .  . .  
6 \.a'. . *. 

* .  . . . .  
I . .  

. .  ' 
, .  . .  

. .  . .  . . . .  
* . , .  , * 

. .  . . .  - - I .  

7.03 
7.72. . .  

\ .  * . . '  .' , 

.i . 
.. 

; * *  . ,  . .  
3.82 . 2.93 .. * ' ,  . .:, : ' . 

3.80' <*:' 

. .  Cysts i no 

V , Y h  ion i no 
. . . . . .  ................. . . . . .  I .  

: . -  
. .  

. .  ' .  . ' 

. .  
, .  

. .  
. .  :. , '.*.; 

. 2 . 0  .. : , 2.12 ' ' ' 

. '. . 
. . . .  

* .  
. -  . . .  . '2.12 _. . : '.  . . .  ' .  . -  ' 
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. .  
n.0 .  . .  . * n.0. Aromatic r i n g  6.95 

. .  3.20 3 . 9 7 .  
1 

.Aromatic r i n g  .7.j6 

. '  Aromatic r i n g  7.25 
7.43 

. . . . .  . . . . . .  . .  

. .  . .  

. . '  

. .  . .  
. .  

. . .  
, I  

, . * .. 
. .  . .  

. .  
. .  

. .  
. .  

' 7.65 
. .  . .  

, ' '. ' .  . . . .  . . . . . .  . . . . . . . . . . .  . .  
.Glutamic acid . . . . . .  3 - 7 5 :  . . . . . .  2.49 

. .  
. .  .. '2.12 ... 

. . .  . . .  Asparagine . . . . .  . . .  . 4.00 . 2.90 ' 

3.77 * 2.43 
GI utam i fie 

. . . .  . .  2.16 , .  I .  

. .  
* .  

. . .  

:. . I .  

1.63 
. . .  . .  . . , '  1.63 , 

. .  S I  
. .  ' *  

Hi st i d i no 
t 3-97 : ,  . ; '3.16 . . .  

. . . . . . .  . . . . . .  . . . . . .  
. .  

, I  

. .  
. . .  

I m  i dazo I e 
* .  , .. 

7.03 
7.72 

- .  , .  , 
. 1  

I .  

3.82 ' . 2.93 .. * .  , ' ., 
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/ . . . .  2.12 I . . . .  , .  . !  

i' 



Chemical shifts of arcino s c ; ~  pro tons  in peptides with respect t o  t h o  I .. 
, *  

corresponding chemica1 group in the free amino acid 

. .  
. .  ?ept i de '. hino Acid Chemical Group . Other .: 

Glycyl-L-loucine ' '  '. ' :e , '  

w3 ' .  

. . . . . . . . . . . . . . . . .  

CH CHZ . 

. . . . .  . . .  * .  . .  .* . . , : * . .  
; . . ,., . 

* '  ' .... , , .  * ' .  

- .  * . ' ,  . . 

. .  . .  Glycine . . * * '  :* + 

L-Leucylglycine' ' Leucine 4-.30 -.02: 0.00 ; 

0(-.27 - 9 .  . . . :I ; , '  

. . . .  . .  4 4 8  - . I I  . +*04 ;.. - '  , 0 ,  *. :. '.  
i .  . .  

: Leucine 
' .  . @-.I I I . .  * ,  

. .  

. .  . . . .  * .  , . .  *. 
.1) _ .  

. . . .  . .  
. .  

+ B1.02 I .  . ' I' . .  . .  . .  
. .  

Glycine . o(0.24 * .  . , '  

. .  
Glycyl-1-proline Glycine ' 

Pro 1 i ne 

L-Prolylglycine hydrate Proline 

GI yc i ne 
1-Histidylglycino . Histidine 

. Glycine . 0(-.22 . . 

, . '  
, .  , . .  - .  . . . . .  

' .. * -  . . . . .  
* .  .. , . . .  

. .  

Imidazole . -. 1 I 
-.26 

. .  

. Imidazole '4 ...: 1;:; 

Histidylhistidine " Histidine -.45 +.I4 

. .  
, I  

. -  

. .  , 
. . .  . .  .: -.o> ' +.21 " . ' .  - '  

... ' S.16 
n.o. n.0. - . .+.05* ." . . .  L-Leucyl-L-phenylalanine Leucine , .  ( .  

, , Phenylalanine ' n.0. n,o..: >*. ,  . Aromatics r.ing ..+,.06 ' . . .  
G I'ycy 1 g 1 yc i no . . .  Glycine : . .  

Glycylglycylglycine ' ," Glycine :.< . 0.22 ' < .  .. 

. _  . . .  
, . , '  

-.27 . 
I .  * .  

* I  

. . . .  
'-031 ", . 

, ., . .' . .  . .  - .  
\: . . . . . . .  . .  , 0.34 . 

. ,  0.49 . - .  

L-Leucylglycylglycine . 

I .  

i . . .  , .... 
, .  

G I ycy 1-1.- I oucy 1 g I yc i'ne 
I 
I I 
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n.0- * not ObSQrVQd 
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Glycine - -. 2 1 *: 

I B-• 03 * .  * a  

s .  -.. 0.46 . . . . . . . .  
. e  

I . .  

-.20 . . . . . .  . .  GI yc i ne. 

Leucine ' .  , -.70. +.07 ' *:&.04" . 

.'. ., 

. .  . -.31 * " 

Glycine . . . .  ' -.21' " 
. .  ' .  * .-*9 :. ' . I .  ' ': 

?. 
. .  . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . .  .. 

e .  I 
. . 9.42 . . .  . ,  . .  . .  
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Table 1 1 1  ' .  . '  
Correlafion of Ribonuclease Spectrum with'hlno Acid Protons 

Peak Chonical Shift * hmino.Acid Protons in  Peak s .  . .  
, 

I (p.p.m.1 * * .  - . .  
. I  * . * .  

I .  *Protons attached to nitrogen which did 

, . .  . .  .:.: 
.. 

, *  
, . I . . .  . '  

'Aromatic rings of tyrosine and phenylalanjne and an.  imidazole ' .  : 
. .  . .  -7.50 

-6.78 
. -6.45 

. .  . .  
-7.co , .  ..proton of h i st i d i ne 

* .  . .  . 

. "  
, ' .  . .  

.. , 

<-protons of ai I 124 amino acids, one % of serine and pro1 ine . . * I  

. .  

' 1 1 1  
. a .  

b 
c .  
d e  

. .  . .  

. '  . I V .  * .. 
a .  

c .  
. b  and the p-proton of threonine . . 

. .  . d : t  

. .  . . : 
. I  _..  .., , 

, I  

-3.0 'II A Cl-$'group of phenylalanine, aspartic acid, glutamic acid, lysine,. . '  . 
asparagine, glutamine, arginine, cysteine and methionine 

v . .  

. .  

V I  
B 

b 
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